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polytetrafluoroethyhen^^ 

IMPLANTABLE PROSTHESES 
FIELD OF THE INVENTION 3 

The present invention relates to implantable devices made j 
from expanded polytetrafluoroethylene (e-FTFE) having ! 
improved ability to bind with body tissues, higher resistance 
to suture leakage and enhanced blood tightness. More 
specifically, the present invention relates to a sheet or a io' 
tubular implantable prosthesis, e.g.. vascular prostheses or 
surgical patches or mesh, having a porous e-PTFE structure, 
whereby said porous structure has a solid insoluble, bio- 
compatible and biodegradable material of natural origin 
present in the pores. 15 

BACKGROUND OF THE INVENTION 
e-FTFE porous tubes made by stretching and sintering 
have been used as tubular prostheses for artificial blood 
vessels for a number of years. These polymeric tubes have ^ 
certain advantages over conventional textile prostheses, but 
i also have disadvantages of their own. The c-FTFE tube has 
a nucxoporous structure consisting of small nodes intercon- 
nected with many thin fibrila. The diameter of the fibrils, 
which depend on the processing conditions, can be con- ^ 
trolled to a large degree and the resulting flexible structure 
has greater versatility in many aspects than conventional 
textile grafts. For example. e-FTFE grafts can be used in 
both large diameter, i.e. 6 ram or greater atificial blood 
vessels, as well as in diameters of 5 mm or less. 30 

One particular problem, however, with expanded PTFE 
tubes, is their tendency to leak blood at sutnre holes and 
often propagate a tear line at the point of entry of the suture. 
As a result, numerous methods of orienting the node and 
fibril structure have been developed to prevent tear propa- 35 
gauon. These processes are often complicated and require 
special machinery and/or materials to achieve this end. 

Additionally, expanded FTFE arterial prostheses have 
been reported as suffering from poor, cellular infiltration and 
collagen deposition of the micropore us structure by sur- 40 
rounding tissue. Numerous attempts to achieve improved 
blood compatibility and tissue binding properties have thus 
far fallen short. For example, in a study reported by Guidoin. 
et aL. "Histopathology of Expanded FITE". Biomaterials 
1993. Volume 14. No. 9. cellular infiltration of the e-FTFE 45 
microporous structure was observed as being Tm'niTnal In an 
attempt to produce instant endothelial cell monolayers on 
graft surfaces, cryopreserved cultivated human saphenous 
vein endothelial cells were cultivated on reinforced PTFE 
prostheses. Prior to seeding of the endothelial cells on the 50 
prosthesis, the graft surface was precoated with human 
fibronectin. This study, reported by Kadlec et aL in "Invitro 
Lining of Fibronectin Coated PTFE Grafts With Cryopre- 
served Saphenous Vein Endothelial Cells". Thoxac. Cardio- 
vasc. Surgeon 35 (1987) 143-147. reported discouraging 53 
results. More recently a study using laminin. collagen type 
I/IU as well as fibronectin as precoaring marrrials prior to 1 
seeding of endothelial cells on e-FTFE grafts was performed 
by Kaehlcr. et ai, reported in "Pre coating Substrate and 
Surface Configuration Determine Adherence and Spreading 60 
of Seeded Endothelial Cells on Polytetrafluoroetbylene i 
Grafts", Journal of Vascular Surgery. Volume 9, No. 4 April • 
(1989). This study reported mat cell adherence and cell ; 
spreading were distinctly superior on the surfaces which { 
were precoated with fibronectui/cype I/IU collagen. 6J ( 

Thus far. e-FTFE substrates still surfer from endothelial ! 
cell adherence problems. The present invention is an attempt I 



to address this problem, a^^Kilh the problem of suture 
hole bieeding. by introdud^^o the porous walls of the 
e-PIFE prosthesis a solid natural material such as collagen, 
gebrin or derivatives of these materials. Ia addition to the 
3 above advantages, material such as collagen also serves to 
deacieaxe e-FTFE. Denuclearization removes air pockets 
and therefore reduces the thrombogenicity of the e-PTFE 
surface Thus, the present invention seeks to improve pros- 
thesis assimilation into the surrounding tissue, enhance the 
10 heafiig process as well as provide a more blood-tight 
prostfiedc implant. 

More recently, materials such as collagen and gelatin have 
bee* applied as coatings or as impregnations to textile grafts 
to avoid the need for preclotring the textile substrate prior to 
13 imphnration. For example. U.S. PaL Nos. 3272204. 4.842. 
575 and 5.197.977 disclose synthetic vascular grafts of this 
naruse. Additionally, the '977 patent includes the use of 
active agents to enhance, healing and graft acceptance once 
imphnf^ Lq the body. The collagen source used in these 
20 pate*s is preferably from bovine skin or tendon dispersed in 
an afaeous solution that is applied to the synthetic textile 
graft by massaging or other pressure to cover the entire 
surface area and/or penetrate the porous structure. 

US. Pat. No. 4.193.138 to Oiata discloses a composite 
struaure comprising a porous FTFE tube in which the pores 
of the tube are filled with a water-soluble polymer. The 
water-soluble polymer is used to form a hydrophilic layer 
which imparts an anti-thrombo genie characteristic to the 
e-PTFE tube. Examples of such polymers are 
polynnylalcohoL polyethylene oxides, nitrogen-containing 
polymers and avionic polymers such as polyacryiic acid and 
polymcthacrylic acid. Additionally, hydroxy esters or car- 
boxy esters of cellulose and polysaccarides are also dis- 
closed. This patent describes the diffusion of the water* 
soluble polymer into the pores of the tube and subsequent 
drying. The water-soluble polymer is then subjected to a 
exoss-unking treatment to render it insoluble in water. Cross- 
linking treatment such as heat treatment, acetalization. 
estenfication or ionizing radiation-induced cross-linking 
reactions are disclosed. The water-soluble materials dis- 
closed in this patent are synthetic in nature. 

SUMMARY OF THE INVENTION 

43 The prostheses of the present invention include expanded 
FTFE substrates having pores present in the substrate wall 
structure wherein said pores contain a solid biocompatible 
material of natural origin. These biocompatible, biodegrad- 
able marr-rials are selected from generally extracellular 

50 matrix proteins as will be further described hereinbelow. 
Extracellular matrix proteins are known to be involved in 
ccll-io-ceH and cell-to-matrix adhesion mechanisms. The 
pores of the present invention are present in the expanded 
PTFE structure as the interstices of the node/fibril coofigu- 

55 ration. As previously mentioned, the pore size is dependent 
on die processing and stretching parameters used in prepa- 
ration of the tubular substrate. For purposes of this 
invention, the term "pores'* will be used interchangeably 
with other terms such as interstices, voids and channels. 

60 The present invention also concerns a method of making 
the biomaxcrial-containing PTFE prostheses. The method 
involves contacting and/or filling the voids of the e-PTFE 
substrate with a fluid containing a soluble biocompatible 
material which is capable of solidifying and preferably 

65 cross-linkiiig to form an insoluble material, and preferably 
cross-linking of the biocompatible nurftrinl is accomplished 
once it has sufficiently contacted and/or filled the voids. 
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Once the biocompatible material is solidified and/or 
cross-linked in the voids of the e-PTFE substrate, it serves 
as a solid aamral binding surface which tends to promote 
ftuther endothelial cell attachment and tissue ingrowth 
which is so critical to proper prosthesis acceptance and 5 
healing. As previously noted, prior to the present invention, 
no existing method has resulted in good endothelial cell 
attachment, due to the inert chemical nature of the PTFE 
surface which allows the layers of endothelial cells to easily 
peel off. The present invention is an attempt to overcome io 
such deficiencies. As importantly, the structure of the present 
invention assists in the denuclearization of the e-PTFE ' 
structure. Also, a reduction in suture hole bleeding is 
obtained. 

BRIEF DESCRIPTION OF THE DRAWINGS 15 

FIG. 1 shows a portion of an implantable expanded PTFE 
member 1. having walls 10 and U nodes 14. fibrils 15. voids 
12 and insolubilized biocompatible, biodegradable material 
13. * 20 

FIG. 2 shows member 1 of FIG. 1 formed into an 
implantable tubular prosthesis 20. 

FIG. 3 shows member 1 of FIG. 1 formed into an 
implantable surgical mesh or patch 30. ^ 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

For purposes of this invention, the term PTFE shall 
include fluorinated ethylene propylene polymers and 30 
periluoroalkoxytetrafluoroethylenc. as well as 
porytetrafluoroethylene. all of which axe capable of being 
extruded, stretched and sintered to form porous wailed 
tabular structures e-FTFE). Also for purposes of the present 
invention, the term tubular protheses shall include vascular 35 
prostheses such as grafts, endovascular prostheses and other 
tubular prostheses useful as implantable devices for the 
repair, maintenance or replacement of conduit vessels in the 
body. The preferred prosthetic devices of the present inven- 
tion are those used in the vascular system. While cubes for 40 
vascular use are described as a preferred embodiment of the 
present invention, it is not limited thereto. Sheets and other 
structure which may be used or other purposes such as far 
hernia repair or repair of the myocardium, are also within the 
contemplation of the present invention. 45 

Those biocompatible, biodegradable materials of the 
present invention are generally extracellular matrix proteins 
which are known to be involved in cell-to-cell and cell-to- 
matrix adhesion mechanisms. These margin Is are selected 
from the group of extracellular matrix proteins consisting of 50 
collagen, including collagen I-V. gelatin, vitronectin, 
fibroncctin. laminin. reconstituted basement membrane 
matrices such as those marlceted under the trademark 
MXTRIGEL® by Collaborative Biomedical Products, Inc. 
of Bedford. Mass. and derivatives and mixtures thereof. All 55 
of these extracellular matrix proteins are capable of being 
introduced into the voids, preferably via aqueous dispersion 
or solution and precipitated out to form a solid and option- 
ally undergoing cross- linking to form body fluid insoluble 
maffHaU . Alternately, the b ioc ompaiible . biode gra dable 60 
material may be introduced in solid form using fluid- 
pressure or other techniques such as pre cross ! inkin g. As 
used herewith the term biodegradable means it will break 
down and/or be absorbed in the body. These biocompatible, 
biodegradable materials preferably substantially All the 65 
voids of the e-PTFE wall and provide a binding substrate of 
natural origin on which surrounding tissue can easily attach. 



Rather than merely coat a portion of the e-PTFE, these 
materials arc intended to serve as fillers for the voids. 

One of trie advantages to using e-PTFE as the material 
from which tubular prostheses arc made is its natural anti- 
5 Lhromhogenic properties. While the inherent surface chem- 
istry of e-PTFE promotes anritfaroinbogemdry. permanent 
attachment of the neotima is generally compromised. Far 
example, an outer capsule of pcrigra ft material forms easily 
around the outer surface of a FTFE prosthesis, but may be 
10 easily stripped away. Typically, only a very thin uag 
capsule is formed on me intraluminal surface of a e-PTFE 
* graft as compared with a conventional textile graft When 
this happens, embolization may occur if some or all of the 
neotima detaches and becomes g apped in small blood 
15 vessels. Additionally, suture holes in FTFE prostheses walls 
generally require compression or topical pressure to accom- 
plish hemostasia. 

Ik is apparent, therefore, that the prostheses of the present 
invention , must reach a balan ce bet ween the natural anti- 
20 thrombogenic properties of e-FTFE and the. properties of 
collagen which may tend to contribute somewhat to throm- 
* bosLs formation, while providing a better blood-tight binding 
surface for tissue ingrowth. 

In preparing the prostheses of the present invention, a 
25 solution or dispersion of the biocompatible, biodegradable 
m a r«ri»l are separately formed. The extracellular matrix 
proteins which are used in the dispersions/solutions may be 
in the soluble form These materials may be difficult to 
dissolve in water Collagen is considered insoluble in water, 
30 as is gelatin at ambient temrxramre. To overcome this 
difficulty, collagen or gelatin may be preferably formed at 
acidic pH. i.e. less than 7 and preferably at a pH of about 2 
to about 4. The temperature range at which these 
dispersions>solutions are formed is between about 4° C to 
35 about 40° C. and preferably about 30° C-35° C. 

T^rpc I collagen is the preferred collagen used in the 
present invention, although other types are contemplated. 
This molecule is a rod-like structure having an approximate 
average length of 300 am and an approximate diameter of 
40 about L4 am, These rods, referred to as tropocoilagen. are 
composed of three alpha chains. Each chain is a left-handed 
helix romping approximately 1.000 amino acids. The 
left-handed helix chains are wrapped around one another to 



farm a super right-handed heftx. 



It is theorized that under physiologic conditions, collagen 
molecules spontaneously aggregate into units of five mol- 
ecules which then combine with other 5 unit aggregates in 
a lateral mode. The larger aggregates then combine with 
50 similar aggregates in a linear mode, eventually forming a 
collagen fiber. Collagen fibers arc insoluble in physiclogic 
fluids because of the covalent cross-links that convert col- 
lagen into a network of its monomelic elements. Collagen 
fibers are responsible for the functional integrity of bone. 
55 cartilage and <Hn as well as reinforcement of the structural 
framework of the blood vessels and most organs. Collagen 
is a hydroxy propylene, glycine-type protein which can be 
denatured by a variety of methods to farm gelatin. 

Another important property of collagen is that it initiates 
6o the clotting response when exposed to whole blood. Thus, 
collagen present in the voids of the prosthesis contributes to 
inhibition of prosthesis leakage during and immediately 
after implantation. 

Once the biocompatible, biodegradable material is intro- 
65 duced into the e-PTFE voids and precipitated out into solid 
form, it is optionally cross-linked. Cross-Unking of the 
material can be accomplished by any conventional method 
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so long as it Is not disruptive or have a negative effect on the 
e-FTFE substrate. For example, in the case of collagen, 
cross-linking can be accomplished by exposure to anaidc- 
hyde vapor then dried to remove excess moisture and 
analdehyde or the collagen may be precrossiiiikrd prior to J 
introduction into the voids via a dispersion. In the case of 
gelatin, cross- linking is effectuated by similar methods. 

In one embodimenu the process of preparing the e-PTFE 
prostheses of the present invention includes using a force to 
cause the dispersion of biocompatible Tnarrrial to penetrate 10 
the tubular walls of the prostheses, thereby contacting rfic 
internodal voids. This can be accomplished, in a number of 
ways, such as by clamping one end of the tubular prosthesis, 
filling the inner lumen with a dispersion of the 
biocompatible, biodegradable material and using pressure to 15 
cause migration of the dispersion into the interstices of the 
e-PTFE walls. The transluminal flow of the dispersion is 
believed to permit sufficient contact between the 
biocompatible, biodegradable materials and the voids. 
While impregnation time depends on the e-FTFE pore size. 20 
graft length, impregnation pressure, collagen concentration 
and other factors, generally it can be accomplished in a short 
period of time, for example from less than I minute to 10 
minutes at a preferred temperature range of 30° C. to 35° C. 
These parameters are not m'ti^l however, provided me 25 
voids are substantially filled with the biocompatible, biode- 
gradable material. The soluble biocompatible, biodegrad- 
able marwnai may be optionally subjected to cross-Unfcing 
treatment such that it is solidified in place. For example. 
cross-Unking by exposure to various cross-linking agents 30 
and methods such as formaldehyde vapor is then preferably 
carried out. Subsequent to formation of the cross-linked 
collagen, the prosthesis can then be rinsed and prepared fcr 
sterilization by known methods. Vacuum drying or heat 
treatment to remove excess moisture and/or cross-linking 31 
agents can then be used. The entire process of contacting the 
e-FTFE with the dispersion/solution can be repeated several 
times, if necessary, to achieve the desired impregnation. 

In a preferred embodiment, the e-PTFE surface of the 
prosthesis is chemically modified to impart greater hydro- 
philitiry thereto. For example, this can be accomplished by 
glow discharge plasma treatment or other mrnns whereby 
hydrophilic moieties arc attached to or otherwise associated 
with the e-PTFE surface. Such treatment enhances the 
ability of the e-PTFE to imbibe the biocompatible 
dispersion/ solution. 

Various pharmacological actives such as antimicrobials, 
antivirals. antibiotics, growth factors, blood clotting modu- 
lators such as heparin and the like, as well as mixtures and 
composite layers thereof can be added to the biocompatible 
dispersion prior to impregnation into the prosthesis. 

In another embodiment of the present invention, the 
collagen or gelatin dispersion can be insoiubilized prior to 
exposure to the prosthesis. This of course makes impregna- 55 
tion of the prosthesis and Ming of the interstiriai voids 
somewhat more difficult 

A preferred method of preparing the prostheses of the 
present invention includes preparing a mixture, ue. a solu- 
tion or dispersion of a tnown concentration of a 60 
mocornpanble. biodegradable material sciecxed from the 
group consisting of coUagen. gelatin, derivatives of 
collagen, derivatives of gelatin and mixtures thereof, having 
a pH within a range of from about 2 to about 4 and 
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preferably at a pH of about 3 .5-3.9. The dispersion should 
have a low ionic strength, and prepared at temperatures of 
about 4° C. to about 40° C. and preferably about 30° C to 
about 35° C. The c-FTFE surface is preferably modified by 

j enhancing hydrophiiicicy wim discharge plasma depo- 
sition prior to contacting the prosthesis with the biocompat- 
ible dispersion- The tubular prosthesis is then contacted 
under force with the dispersion to allow for impregnation 
aad transiumiaary 3 ow of the dispersion through die walls 

io of the prosthesis, thereby substantially filling the interstitial 
voids. The prostheses are then treated with a chemical 
solution, such as buffered phosphate at a pH of about 7.4. to 
insobubilize the biocompatible material in place. Optionally, 
subsequent formaldehyde vapor exposure can be used to 

15 cross-link the material once deposited in the voids. 

Altho ugh illustrative embodiments of the present inven- 
tion lave been described herein, it should be understood that 
the invention is not limited to those described, and that 
various other changes or modifications may be made by one 

20 sJaHcd in the an without departing from the scope or spirit 
of the invention. 



